Abstract. Ketoconazole (KCZ) nanoemulgel containing permeation enhancer was formulated as a vehicle for transungual drug delivery, and its efficacy to inhibit the growth of onychomycotic dermatophytes was investigated in vitro. Different components of oil-in-water nanoemulsions were moderately agitated by classical titration method and passed through a high-pressure homogenizer to formulate various nanoemulsions, which were further identified by constructing pseudo-ternary phase diagrams. Stressstability testing was carried out for the nanoemulsions, and those that passed these tests were characterized for mean droplet size, zeta potential, morphology, pH, refractive index, viscosity and transmittance. Mean droplet size and zeta potential of the optimized nanoemulsion (NE3) were found to be 77.52 ± 0.92 nm (polydispersity index (PDI) = 0.128 ± 0.035) and −5.44 ± 0.67 mV, respectively. Optimized nanoemulsion was converted into nanoemulgel (NEG 1 ) with 1% (w/w) of gelling agent (Carbopol® Ultrez 21) and 1%-2% (v/v) thioglycolic acid as permeation enhancer, and evaluated for pH, viscosity, spreadability, extrudability, tensile strength and bio-adhesion measurement. In vitro cumulative drug released at the end of 24 h from NE3, NEG 1 and drug suspension were found to be 98.87 ± 1.29, 84.42 ± 2.78% and 54.86 ± 2.19%, respectively. Ex vivo transungual permeation values for KCZ through goat hooves from NE3, NEG 1 and drug suspension were found to be 62.49 ± 2.98, 77.54 ± 2.88% and 38.54 ± 2.54%, respectively, in 24 h. The antifungal effect of NEG 1 on Trichophyton rubrum and Candida albicans showed a significant (p < 0.05) zone of inhibition as compared to drug solution. Skin irritation and histopathology studies on rat skin showed the safe topical use and enhanced permeation of formulated nanoemulgel.
INTRODUCTION
Onychomycosis accounts for about 50% of the nail diseases and mainly occurs in the elderly. It is a fungal infection, which causes nails' thickening, splitting, roughening, discolouration, etc. More than 80% of onychomycosis is caused by dermatophytes, such as Trichophyton rubrum (T. rubrum) and Trichophyton mentagrophytes, whereas approximately 5%-17% are caused by yeast, for which Candida albicans (C. albicans) is majorly (>70%) responsible (1-3). There are four major clinical presentations of onychomycosis: distal subungual, proximal subungual, superficial and total dystrophic. Various antifungal drugs are being used for the treatment of onychomycosis, but they have one or more lacunae, for example, terbinafine and itraconazole are not licensed in the UK for children (4) . Terbinafine is also associated with idiosyncratic liver and skin reactions (4) . US Food and Drug Administration (US FDA) has not approved fluconazole for the treatment of onychomycosis in the USA because its dose and duration of treatment are not clear (3, 4) . Griseofulvin is a disappointing drug in toenail disease having a cure rate of only 30%-40% (3) . On the other hand, ketoconazole (KCZ), an imidazole-class antifungal drug, is used orally in the treatment of chronic mucocutaneous fungal infections of nails and skin, having a cure rate of 50% to 70% in fingernail and 15%-30% in toenail infections (3) . It is also used in the treatment of various systemic fungal infections, such as candidiasis and blastomycosis (5) . It acts by blocking the synthesis of ergosterol, an essential component of the fungal cell (4, 6) . Several formulations in different topical preparations containing 2% KCZ (for example, solution, shampoo, cream, gel and lotion for the purpose of local dermatological therapy) are available in the market. However, all these formulations either have less contact time with the targeted area (for example, solution and lotion) or less permeation through the skin (for example, cream and gel). By enhancing the topical permeability of KCZ, it can be used for the effective treatment of onychomycosis with fewer side effects.
Nanoemulsions or sub-micron emulsions (droplet size, 20-200 nm) are used as vehicles for the delivery of active pharmaceutical ingredients (API) due to their high kinetic stability and approaching thermodynamic stability (7) . Nanoemulsions, developed by high-energy emulsification methods, such as highpressure homogenizers and high-shear motionless mixers, offer several industrial advantages in terms of controlled and uniform droplet size distribution (8) . Unlike microemulsions, which require a high surfactant concentration, nanoemulsions are formulated with reasonable surfactant concentration for the efficient topical delivery of API owing to their small droplet size, large surface area and low surface tension. They allow rapid penetration of lipophilic actives and thus improving efficacy and minimizing side effects by reducing the dose. Nanoemulsions may be used as a substitute for other less-stable lipidic nanocarriers (for example, liposomes and vesicles) to improve transdermal permeation of many drugs over the conventional topical formulations (9) (10) (11) (12) . Due to improved physical stability, and their non-toxic and nonirritant nature, they can be employed in topical drug delivery systems, providing greater absorption of solubilized lipophilic drugs. Apart from that, they can be formulated into a variety of formulation types, such as foams, creams, liquids, sprays and gels (13) . There are many topical formulations, like nail lacquers (14) (15) (16) (17) , creams (18) (19) (20) , ointments (21, 22) , bio-adhesive patch (23) and solutions (24, 25) , which are being used for the treatment of nail infections, but gel is being preferred because it fulfils the required dermatological properties, such as thixotropy, greaselessness, emollient and non-staining nature, ease in spreadability, etc. Gel can be defined as a semisolid system, which consists of dispersion of particles with interpenetration of liquid. There is a formation of a three-dimensional structure, having a two-phase system with the dispersion of inorganic/organic particles in the continuous phase (26) .
Nanoemulsions can be converted into gel, a system designated as 'nanoemulgel', which prolongs the contact time of the formulation with the applied surface, in contrast to nanoemulsion, which has a tendency to flow and run off. Apart from that, for most of the lipophilic drugs (like KCZ, in this case), which cannot be incorporated directly into an aqueous gel base due to solubility limitation, an emulgel can provide ease of formulation and improve the therapeutic effectiveness of the existing drugs by incorporating drug molecules in the oil phase of o/w emulsion and uniformly dispersing them in aqueous phase containing the gel base. Thus, better stability and sustained release of a drug can be attained by simply incorporating the drug-containing o/w nanoemulsion into a gel base. Nanoemulgel can be applied easily with a lower risk of inflammation or adverse reactions (27) . Previously, various antifungal drugs have been incorporated into nanoemulgels for the treatment of onychomycosis, such as terbinafine (3, 15, 28) , miconazole nitrate (26), fluconazole (14) , butenafine (18) , ciclopirox olamine (19) , etc.
The goal of our research was to formulate a topical nanoemulgel of KCZ with desirable characteristics and enhanced transungual permeability through the nail (by using a permeation enhancer, thioglycolic acid) for the effective treatment of onychomycosis. The optimized nanoemulgels were evaluated by skin irritation study, histopathological analysis and ex vivo antifungal activity, along with stability studies for its safe and efficacious topical use. 
MATERIALS AND METHODS

Materials
Analytical Method Development
KCZ was analysed by an ultra-performance liquid chromatography (UPLC) system (S.No. F09 UPB 920 M; Model Code# UPB; Waters, MA, USA) equipped with a binary solvent delivery system, an autosampler, column manager and a photodiode array (PDA) detector (Synapt, Waters, Manchester, UK). Waters ACQUITY UPLC BEH C18 (2.1 mm × 100 mm; 1.7 μm) column was used for the chromatographic separation. The mobile phase was composed of 0.1% (w/v) orthophosphoric acid in water: acetonitrile (55:45 (v/v)) adjusted to flow at a rate of 0.5 mL/min. All the samples were filtered through a 0.22-μm nylon syringe filter before analysis.
Formulation Development of Nanoemulsion
Screening of Components
The criterion for screening of components was the solubility of KCZ in different oils, surfactants and co-surfactants (Table I ). An excess amount of drug was added to 5 mL of the selected oil, surfactant and co-surfactant in a glass vial, sealed and stored upright. The samples were vortexed and maintained at 37 ± 1°C for 72 h in a shaking incubator (Shellab, USA) to facilitate solubilization. To remove the undissolved drug, samples were centrifuged (MX-305, Tomy, Japan) at 3000 rpm for 15 min. The supernatant was filtered through a 0.22-μm nylon syringe filter. The solubility of KCZ was determined by the developed analytical method, as described in 'Analytical Method Development' section.
Preparation of Drug-Loaded Nanoemulsion
Aqueous titration method, followed by high-pressure homogenization (HPH), was used for the preparation of nanoemulsions. Construction of pseudo-ternary phase diagrams was done for the determination of concentration range of different components (29) . Surfactant and co-surfactant (S:CoS) were mixed in different weight ratios (1:0, 1:1, 1:2, 2:1, 3:1, 1:3 and 4:1), either in increasing concentration ratios of surfactant or co-surfactant, with respect to each other (30) . Under moderate agitation on a vortex mixer (Abdos Labtech Pvt. Ltd., India), different weight ratios of oil and S mix (S:CoS) were diluted dropwise with the aqueous phase to form the crude nanoemulsion. These nanoemulsions were passed through a high-pressure homogenizer (Nano DeBEE, BEE International Inc., MA, USA) by optimizing its process variables (operating pressure and number of cycles) to get a desirable mean droplet size of less than 200 nm. Later, the product was visually assessed on the basis of clarity, transparency and flow ability, and then finally categorized as nanoemulsions. Nanoemulsions were represented on the ternary-phase diagrams with one axis of aqueous phase, the second of oil phase and the third of S mix at fixed-weight ratios. The drug-loaded nanoemulsions were prepared by dissolving 2% (w/v) of KCZ in the mixture of oil and S mix . The developed formulations were then subjected to different stressstability tests.
Stress-Stability Studies
Heating-Cooling Cycle. The formulations were subjected to heating-cooling cycles (n = 3) over a temperature range of 4-45°C, stored at each temperature condition for 48 h and observed for any physical instability in the form of phase separation, flocculation or precipitation (31) .
Centrifugation. The selected nanoemulsion formulations were centrifuged (MX-305, Tomy, Japan) at 3500 rpm for 30 min to rule out the metastable systems, and observed for any changes in homogeneity of nanoemulsions (31) .
Freeze-Thaw Cycle. Nanoemulsion formulations were kept between temperatures, −21°C and +25°C, for three cycles for a duration of 48 h, and examined for changes in homogeneity of nanoemulsions (31) .
Characterization of Nanoemulsion
Droplet Size
For understanding or determining the behaviour of nanoemulsions, mean droplet size is very important. It was determined by using Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) based on the principle of photon correlation spectroscopy, which analyses fluctuation in light scattering due to Brownian motion of particles. Light scattering was monitored at 25°C at a scattering angle of 90°. The nanoemulsion (1-1.5 mL) was transferred to a disposable polystyrene cuvette with the help of a micropipette, and the mean droplet size was determined in triplicate.
Zeta Potential
Zeta potential is the electric potential which exists at the hydrodynamic plane of shear of a particle. It was measured by a p p l y i n g a n e l e c t r i c f i e l d a c r o s s t h e d i s p e r s i o n . Nanoemulsions were placed in clear disposable zeta cells, and zeta potential, which indicates the surface charge of the developed nanoemulsions, was measured by Zetasizer (Malvern Instruments, Malvern, UK) at 25°C, in triplicate.
Morphology
Morphology of the nanoemulsions was studied using transmission electron microscopy (TEM) (TECNAI G 2 (200 kV) HR-TEM from FEI company, Holland) at All India Institute of Medical Sciences (AIIMS), New Delhi, India. One drop of the diluted aqueous nanoemulsion was placed on a fomvar-coated copper grid and stained with a drop of 2% aqueous solution of phosphotungstic acid (PTA), and dried before examining under the electron microscope.
pH, Refractive Index, Viscosity and Transmittance
The pH values for nanoemulsions were determined at 25°C by a calibrated pH meter (Mettler Toledo, Langacher, Switzerland). Refractive indices (RI) of the prepared nanoemulsions were determined by using Abbe refractometer. The viscosity of nanoemulsions was measured using rheometer (MCR101, Rheoplus, Anton Paar India Pvt. Ltd., India), equipped with a cone-plate-type measuring system. The rheological studies were carried out at variable shear rates ranging from 1 to 100 s , and a rheogram was developed (viscosity vs. rate of shear). Transmittance was observed by using UV spectrophotometer (UV 1601, Shimadzu, Japan) at 630 nm. One millilitre of nanoemulsion formulation was taken in a test tube, and ethanolic dilution was analysed at 630 nm, in triplicate.
Stability Studies of Nanoemulsion
Nanoemulsions were assessed at accelerated condition of storage by varying temperature and humidity, as per ICH guidelines Q1A (R2) (2003) (32) . Nanoemulsions were placed in 5-mL glass vials, sealed and stored upright. Physical and chemical stabilities of nanoemulsion were evaluated for 3 months by storing them at three different temperature and humidity conditions (25 ± 2°C/60 ± 5% relative humidity (RH), 40 ± 2°C/65 ± 5% RH and 60 ± 2°C/75 ± 5% RH) and then characterized at specific time intervals for various parameters (33) . The nanoemulsions were also visually observed for any signs of turbidity, phase separation, coalescence, etc.
Preparation of Nanoemulgel
Different formulations of nanoemulgel were prepared by the addition of a gelling agent (0.5% to 1.5% (w/v)) and penetration enhancer (1.0% to 2.0% (v/v) thioglycolic acid). The gel base was prepared by dispersing the gelling agent (Carbopol® Ultrez 21 polymer) in purified water, with constant stirring at moderate speed using a magnetic stirrer, and then the optimized nanoemulsion was incorporated into the gel base. The prepared nanoemulgel formulations were inspected visually for their colour, appearance and consistency. Viscosity of nanoemulgel formulations was determined by the above-described method ('pH, Refractive Index, Viscosity and Transmittance' section).
Evaluation of Nanoemulgel
Spreadability Study
Spreadability was determined by using an apparatus suggested by Mutimer et al. (34) . There was a wooden block and a pulley attached to it at one end. On the basis of 'Slip' and 'Drag' characteristics of nanoemulgel, spreadability measurement was done. An excess of nanoemulgel (≈2 g) was placed between two uniform slides placed on the block, where one glass slide was fixed and another was attached to a pulley. On the top of the two slides, a 1-kg weight was placed for 5 min to provide a uniform film of the nanoemulgel between the slides. The time taken by the upper slide to move on the application of weight to it through the pulley was noted, and spreadability was calculated by using the following formula, in triplicate: 
Extrudability Study
It is a test to measure the force required to extrude the gel from the tube. On the application of weight, the amount of gel extruded from the aluminium tube was determined. The nanoemulgel extruded should be at least 0.5 cm ribbon in 10 s (28) . The higher the quantity of gel extruded, the better is the extrudability. The extrudability of each formulation was measured, in triplicate, and calculated by using the formula:
Tensile Strength Measurement
Tensile strength of the nanoemulgel was determined by using TA.XT2 texture analyzer (Stable Micro Systems, Goldalming, UK). The mechanical properties have been assessed using the texture analyzer with a 5 kg-loaded cell. Data acquisition and mathematical analysis were done by using Texture Expert® software (35, 36) . Consistency, cohesiveness and firmness were determined for the prepared nanoemulgels using the recommended specifications.
Bio-adhesion Measurement
Bio-adhesion measurement was done by means of a tensile test, which indicates the gel's bio-adhesive potential. The maximum force required for detaching a piece of goat hooves from nanoemulgel, after an initial period of contact, was determined (36, 37) . The force involved in the process was measured by texture analyzer. The average maximum positive force (adhesiveness) was determined for the developed nanoemulgels.
Stability Studies of Nanoemulgel
Prepared nanoemulgels (≈5 g) were packed in aluminium collapsible tubes and kept for stability studies at 25 ± 2°C/60 ± 5% RH, 40 ± 2°C/65 ± 5% RH and 60 ± 2°C/75 ± 5% RH for a period of 3 months, as per ICH guidelines (32, 38) . At an interval of 15 days, samples were withdrawn and evaluated for physical appearance, pH, viscosity, spreadability, extrudability and texture analyses.
In Vitro Drug Release Study
In vitro drug release study was performed using dialysis membrane-60 (average diameter; 15.9 mm, average flat width; 25.27 mm, Himedia®, India) which was activated for about 1 h in a solvent system of phosphate buffer (pH 7.4) and ethanol (3:1). About 1 g of nanoemulgel and appropriate amount of nanoemulsion and aqueous drug suspension (containing the same equivalent amount of drug as contained in 1 g nanoemulgel) were placed on the artificial membrane, and the receptor compartment was filled with solvent system (10 mL). The whole assembly was maintained at 37 ± 1°C, and the speed of stirring was kept constant (100 rpm) for 24 h (39). Then, the aliquot of drug samples of about 1 mL were withdrawn at pre-determined time intervals, filtered through a 0.22-μm membrane filter and replaced with an equal volume of a fresh solvent. The analysis was done by the analytical method, as described in 'Analytical Method Development' section. Release kinetics modelling was done by putting the in vitro release data into the zero-order, first-order and Higuchi release kinetics model(s), and the model showing highest value of correlation coefficient (R 2 ) was considered to be the best-fit model.
Transungual Permeation Study
Hooves from freshly slaughtered goat, free of connective and cartilaginous tissues, were taken from the local slaughterhouse and soaked in distilled water for 24 h. From the lower part of the hooves, a section of about 1 mm thickness was cut. The hoof membrane was placed carefully on the Franz diffusion cell of 10-mL capacity, and the surface area available for permeation was 1.23 cm 2 . About 1 g of nanoemulgel and appropriate amount of nanoemulsion and aqueous drug suspension (containing the same equivalent amount of drug as contained in 1-g nanoemulgel) were applied evenly on the surface of the membrane. The receptor compartment was filled with solvent (phosphate buffer, pH 7.4; and ethanol in the ratio of 3:1), and the whole assembly was maintained at 37 ± 1°C with constant stirring (100 rpm) for 24 h. Then, an aliquot of drug sample, about 1 mL, was taken after a time interval of 1 h, which was replaced by the fresh solvent. The analysis was done by the analytical method as described in 'Analytical Method Development' section.
Antifungal Activity
Disk diffusion susceptibility method was used to determine the antifungal activity of drug alone and drug-loaded nanoemulgel against T. rubrum and C. albicans by slight modification of the previous method (40) . Stock solutions of KCZ and its nanoemulgel were prepared in DMSO and distilled water, respectively. Appropriate dilutions (25 μg/mL) from both stock solutions were pipetted onto sterile blank disks (Sigma-Aldrich), and after complete soaking, disks were dried and stored at 4°C for further use within 2 weeks. Both the strains (T. rubrum and C. albicans) were maintained and cultivated in petri dishes containing Sabouraud dextrose agar (SDA) medium. After incubating and sub-culturing for 15 days at 28°C, three to five colonies of both strains were suspended in 5 mL of sterile saline solution (0.9% (w/v)), transferred to a sterile tube and mixed thoroughly on a vortex mixer for 2 min. The suspension was allowed to stand for 10 min for the sedimentation of hyphal fragments, and from the supernatant, inoculums were prepared by adjusting to a 0.5 McFarland turbidity standard (10 6 CFU/mL) by using a haemocytometer. One-millilitre inoculum, from a suspension of 10 4 CFU/mL, was spread on the surface of SDA plates with a sterile loop. Disks containing drug and nanoemulgel were then inserted into inoculated plate by using sterile forceps. Triplicate sets of plates were incubated at 28°C and zone diameters (where growth abruptly decreased) were measured after 24 and 48 h to estimate marked reduction in colony sizes.
Skin Irritation Study
The protocol was approved by the Institutional Animal Ethics Committee with approval number 1120. Three groups (n = 3) of male Wistar-strain rats (180-200 g) were used in the study. Positive control (0.8% (v/v) aqueous solution of formalin was used as standard irritant), nanoemulgel and negative control (no application) were applied (n = 3) on the dorsal side (2 cm 2 ) of properly shaven skin of rat. The formulation was removed after 24 h and examined for any signs of erythema and edema (38, 41) . Undesirable skin changes, i.e. change in colour and change in skin morphology, were visually checked for a period of 24 h. The resulting reactions were compared and scored against control group (n = 3).
Histopathological Study
After a 24-h observation period of skin irritation study, as described in the previous section, rats were sacrificed and excised skin samples from nanoemulgel-treated and negative control (no application) groups were taken. Each specimen was immediately immersed in 10% (v/v) formalin solution buffered with phosphate buffer saline (pH 7.4), dehydrated in graded concentrations of ethanol, immersed in xylene and then embedded in paraffin block for fixing. Five-micrometre thick sections of skin were cut using a microtome and stained with haematoxylin and eosin. The samples were then observed for gross histopathology under an inverted microscope (ix71, Olympus Corporation, Japan) at ×10 magnification.
Statistical Analysis
Plotting of all graphs and processing of all the experimental data were done by using Microsoft Excel 2007 software, and presented as mean ± standard deviation (S.D.). The Student-Newman-Keuls multiple comparison test (Software: GraphPad InStat v. 3.06) was used to find the statistical significance. A value of p < 0.05 was considered statistically significant.
RESULTS
Analytical Method Development
Retention time of KCZ was found to be 2.7 min at a detection wavelength of 223 nm employing a mobile phase of 0.1% (w/v) orthophosphoric acid in water/acetonitrile (55:45 (v/v)). The assay was linear (r 2 = 0.999) in the concentration range of 2-200 ppm, with a detection limit of 5 ng/mL and a quantification limit of 15 ng/mL. The percentage recovery was found to be in the range of 95% to 100%.
Formulation Development of Nanoemulsion
All excipients for the formulation were selected from among the "Generally-Recognized-as-Safe" (GRAS) category (Table I) . Labrafac™ Lipophile WL1349 was selected as the oil phase due to the highest solubility of KCZ (5.4 ± 0.21 mg/mL) as compared to other experimental oils. Tween 80 and PEG 400 were used as the surfactant and co-surfactant, respectively, since they showed the maximum drug solubility, i.e. 5.4 ± 0.56 mg/mL and 5.2 ± 0.12 mg/mL, respectively (Table I) .1) ) of oil and S mix were chosen, so that maximum ratios could be covered for the study. About 2% (w/v) drug was loaded in the formulation by solubilizing the drug in oil and S mix phase. Aqueous phase was added in the range of 5%-95% (v/v) of the total volume of nanoemulsion at 5% interval to form the crude nanoemulsions, which were later passed through high-pressure homogenizer to get more uniform-sized droplets. The prepared nanoemulsion formulations were then subjected to stress-stability testing. After subjecting to heating-cooling cycle, centrifugation and freeze-thaw cycle, those formulations which passed the test (Table II) , and showed stability, were further characterized. We selected one nanoemulsion (NE1, NE2, NE3 and NE4) each from the above-mentioned experimental ratios of S mix . Through titration method, the mean droplet sizes for the formulations NE1, NE2, NE3 and NE4 were found to be 835.6 ± 3.28, 760.7 ± 5.28, 665.3 ± 5.29 and 651.0 ± 5.20 nm, respectively (Table III, C0 ). After running 3 cycles of high pressure homogenization at 10,000 psi, mean droplet size was effectively reduced to 242.6 ± 2.73, 215.0 ± 4.98, 201.0 ± 2.92 and 193.3 ± 2.19 nm for NE1, NE2, NE3 and NE4, respectively. On increasing the number of cycles to 4, no further considerable size reduction was observed. The same trend in size reduction was observed up to 2 cycles at 20,000 psi, after which no major changes in size reduction were achieved. So, we optimized the mean droplet sizes for the formulations NE1, NE2, NE3 and NE4 as 126.6 ± 0.65 nm, 98.06 ± 0.46 nm, 77.52 ± 0.92 nm and 63.46 ± 4.22 nm, respectively (Fig. 2a) , having polydispersity index (PDI) values of 0.121 ± 0.046, 0.192 ± 0.023, 0.128 ± 0.035 and 0.357 ± 0.044, respectively.
Characterization of Nanoemulsion
Zeta potential values for nanoemulsion formulations NE1, NE2, NE3 and NE4 were found to be −1.58 ± 0.21, −2.75 ± 0.43, −5.44 ± 0.67 and −7.68 ± 0.35 mV, respectively (Fig. 2b) . Nanoemulsions were in the nanometric size range (≈90-120 nm), as observed by TEM (Fig. 3) , which is in corroboration with the zeta sizer measurements. The pH values of the nanoemulsion formulations, NE1, NE2, NE3 and NE4, were found to be in the range of 6.2 ± 0.34 to 6.5 ± 0.23 (Table IV) . Refractive indices of nanoemulsion formulations NE1, NE2, NE3 and NE4 were found to be in the range of 1.43 ± 0.12 to 1.46 ± 0.45 (Table IV) . Viscosity of nanoemulsion formulations, measured at a shear rate of 100 s −1 , were found to be in the range of 14.00 ± 0.21 to 24.33 ± 1.44 cP, as expected for o/w nanoemulsions because of higher aqueous content (>45% (v/v)). Viscosity was also measured at different rates of shear ranging from 1 to 100 s −1 , and a rheogram was developed to know the thixotropic behaviour of nanoemulsion (Fig. 4) . Transmission test of nanoemulsion formulations was performed and transmittance values of formulations were found to be in the range of 98%-99% (Table IV) . It showed that formulations were clear and transparent. After the evaluation of nanoemulsion formulations, optimized formulation (NE3) was selected for the stability studies and further formulated into a nanoemulgel.
Stability Studies of Nanoemulsion
The stability studies revealed that during the storage period of 3 months at 25 ± 2°C/60 ± 5% RH, 40 ± 2°C/65 ± 5% RH and 60 ± 2°C/75 ± 5% RH, optimized nanoemulsion (NE3) showed very negligible change in mean droplet size, zeta potential, PDI, pH, RI, viscosity and transmittance (Table V) . No phase separation and flocculation were observed, proving its stable nature. At the end of 3 months, the drug content was assayed and was found to be >95% of the initial drug added, which shows the chemical stability of the system during the storage period.
Preparation of Nanoemulgel
Nanoemulgel was prepared by adding NE3 into overnight-soaked gelling agent (Carbopol® Ultrez 21) at 0.5% (w/v) (NEG 0.5 ), 1.0% (w/v) (NEG 1 ) and 1.5% (w/v) (NEG 1.5 ) with continuous stirring at 500 rpm (42) (43) (44) . The final formulation also contained glycerine as humectant, methyl paraben as a preservative, thioglycolic acid as a penetration enhancer (45) and amino-methyl propanol (AMP-95) to maintain the pH (6-6.5).
Evaluation of Nanoemulgel
The pH values for NEG 0.5 , NEG 1 and NEG 1.5 were found to be in the range of 6.4 ± 0.24 to 6.6 ± 0.29 (Table VI) . Viscosities for NEG 0.5 , NEG 1 and NEG 1.5 were found to be 750 ± 5.34, 1142 ± 10.33 and 1200 ± 12.56 cP, respectively. Spreadability values for NEG 0.5 , NEG 1 and NEG 1.5 were All values are reported as mean ± S.D. (n = 3) RI refractive index, V viscosity, cP centipoise, t transmittance found to be 5.6 ± 0.12, 3.5 ± 0.22 and 2.5 ± 0.44 cm, respectively (Table VI) . Extrudabilities of NEG 0.5 , NEG 1 and NEG 1.5 were found to be 1.2 ± 0.44, 1.4 ± 0.56 and 1.5 ± 0.34 cm, respectively, in 10 s on applying a weight of 400 g (Table VI) . Texture analysis of NEG 0.5 , NEG 1 and NEG 1.5 formulations was performed, and the determined parameters, such as firmness, consistency and cohesiveness of the formulation, are presented in Table VI . The negative area of the graph, which is a measure of the total resistance to withdrawal force, indicates sample consistency. The bio-adhesiveness values of the prepared nanoemulgel formulations, NEG 0.5 , NEG 1 and NEG 1.5 , are given in Table VI . On assessing spreadability, extrudability, texture profile and bio-adhesiveness values of nanoemulgel formulations, NEG 1 was optimized and selected for further studies. The drug content in NEG 1 was found to be 0.81 ± 0.04% (w/w). NEG 1 was found to be stable during the 3-month storage period at different conditions of temperature and humidity. There was no change in physical appearance, pH, viscosity and other rheological properties of the formulation (data not shown). During this storage period, the drug content was assayed and was found to be >98% of the initial drug loaded (0.81 ± 0.04% (w/w) of gel base), confirming the chemical stability of the system.
In Vitro Drug Release Study
In vitro release study was performed to compare the release of KCZ from NE3, NEG 1 and aqueous drug suspension. Comparative in vitro release studies showed that NE3, NEG 1 and aqueous drug suspension released 98.87 ± 1.29, 84.42 ± 2.78% and 54.86 ± 2.19% cumulative drug in 24 h, as shown in Fig. 5 . Various kinetic models were applied to the nanoemulgel formulation to determine release mechanism of the formulation.
Transungual permeation study
Ex vivo permeation studies were carried out using goat hoof membrane (section of goat hoof). Permeation of drug from NE3, NEG 1 and aqueous drug suspension was found to be 62.49 ± 2.98, 77.54 ± 2.88 and 38.54 ± 2.54%, respectively, in 24 h (Fig. 6 ).
Antifungal Activity
In vitro antifungal activity revealed that during 24 h of incubation period, KCZ solution (in DMSO) and NEG 1 T temperature, RH relative humidity, PDI poly dispersity index, RI refractive index, V viscosity, cP centipoise, t transmittance exhibited similar antifungal effect on T. rubrum and C. albicans (Table VII) . However, due to the small droplet size of NEG 1 , the drug slowly diffused into the medium and showed a significant (p < 0.05) area of zone of inhibition (28.3 ± 0.9 mm for T. rubrum and 28.1 ± 0.8 mm for C. albicans) after 48 h of incubation, as compared to drug solution (22.4 ± 1.4 mm for T. rubrum, and 23.5 ± 1.3 mm for C. albicans), which had already completely diffused into the medium within the first 24 h. The zone of inhibition of DMSO (as it is antifungal in nature) alone was also determined to compare the actual antifungal activity of KCZ and its formulation, NEG 1 (Table VII) .
Skin Irritation Study
The scores of skin irritation study (erythema and edema) on rat skin after 24 h post treatment of positive control, NEG 1 and negative control are represented in Table VIII .
Histopathological Study
Histopathological analysis was done to observe any pathological changes in rat skin during the application of NEG 1 . Histopathological images of negative control skin (Fig. 7a) were compared with the images of NEG 1 -treated sample (Fig. 7b) to evaluate any epidermal and sub-epidermal cellular changes.
DISCUSSION
For the development of an appropriate nanoemulsion, the selection of a suitable oil, surfactant and co-surfactant is very crucial. On the basis of solubility studies of KCZ in different oils, surfactants and co-surfactants, Labrafac™ Lipophile WL1349 was selected as the oil phase, whereas a non-ionic surfactant, Tween 80, was selected as surfactant for KCZ nanoemulsions as they have the least toxicity and irritant potential as compared to ionic surfactants, and having low critical micelle concentration (46) , PEG 400 was selected as the co-surfactant. Co-surfactant (PEG 400) plays a very decisive role during nanoemulsion formulation by decreasing the interfacial stress, leading to interfacial film flexibility. It can be observed that at S mix ratio of 1:0 (Tween 80 used alone without PEG 400), higher concentration of surfactant was required for the stabilization of minimum amount of oil phase. When the concentration of co-surfactant in the S mix was increased from 1:1 to 1:2 (NE1; Fig. 1a) , an area of nanoemulsion in the phase diagram was observed to be increased, but on further increasing the concentration to 1:3, the nanoemulsion area decreased which showed phase separation during the storage period of 24 h at room temperature. When surfactant (Tween 80) concentration was increased with respect to co-surfactant (PEG 400) in the S mix to a ratio of 2:1 (NE2; Fig. 1b) , the nanoemulsion area was increased. The area of nanoemulsion was further increased on increasing the S mix ratio to 3:1 (NE3; Fig. 1c ), due to stabilization of maximum amount of oil (Fig. 1c) . But, on further increasing the S mix ratio to 4:1 (NE4; Fig. 1d ), the nanoemulsion area was found to be slightly decreased. Thus, maximum nanoemulsion areas were observed in the S mix ratios of 2:1 and 3:1. Nanoemulsions are kinetically stable systems and are formed by using a particular concentration of various components, with no sign of phase separation, creaming or cracking under various stress conditions. The most important feature of nanoemulsions is the mean droplet size, which must be in the nanometric range. The influence of process variables, i.e. operating pressure (psi) and number of homogenization cycles, to achieve the mean droplet size of less than 200 nm, was studied. The results showed that the mean droplet size had an inverse relationship with both the homogenization pressure and number of cycles. On increasing the number of cycles to 4 at 10,000 psi, we did not get mean droplet size less than 200 nm. But at 20,000 psi, with the run of 2 cycles, a mean droplet size range of approximately 200 nm was achieved. So, we optimized the variables of HPH on the basis of minimum pressure and number of cycles to get droplets of size less than 200 nm. Hence, 2 cycles of HPH at 20,000 psi pressure were selected as the optimized variables. The increase in droplet size was observed in NE1, which might be due to the expansion of the interfacial film by the co-surfactant leading to a larger droplet size, whereas decrease in droplet size in NE2 and NE3 might be due to a higher percentage of surfactant in S mix (30) . But in the case of NE4, undoubtedly, the average droplet size was reduced, but PDI of NE4 was found to be a little higher, i.e. 0.357 ± 0.044, due to the presence of two differently sized peaks (Fig. 2a) , which might be either due to instability caused by heat generation in situ while running 3 cycles of HPH at 20,000 psi, as nanoemulsions are thermodynamically not stable, or formation of surfactant micelles (47) .
Nanoemulsions developed with non-ionic surfactants were stabilized mainly via steric mechanism, although an electrostatic mechanism cannot be ruled out. The origin of negative zeta potential of nanoemulsions might be due to preferential adsorption or desorption of electrolyte ions on the surface (47) . On increasing the concentration of Tween 80, an increase in negative value of zeta potential might be associated with the presence of impurities, i.e. peroxides, free fatty acids, etc. (48, 49) . Transmission electron microscopy (TEM) study revealed the droplet morphology of the developed nanoemulsion. Nanoemulsion droplets were observed to be discrete, round in outline and dark in appearance in the photomicrographs. pH values of nanoemulsions were found to be favourable for topical application. Refractive index (RI) is the measure of the speed of light through a substance. The harder it is for light to travel through a medium (i.e., the denser is a medium), the higher is the value of RI. Thus, RI indicates the isotropic nature of the formulation. As the concentration of oil was increased in the formulation, RI was observed to be increased in Table IV (50) . The obtained rheogram (viscosity vs. rate of shear) confirmed non-Newtonian, pseudo-plastic (shear thinning) behaviour of optimized nanoemulsion (Fig. 4) . On the basis of the highest area of zone of nanoemulsification from pseudo-ternary phase diagram, and (51, 52) . Among different nanoemulgels, NEG 0.5 was not geared up well with respect to visual appearance and viscosity, whereas NEG 1.5 was too viscous and turbid in appearance. Nanoemulgel, NEG 1 , was found to be a creamy and viscous preparation having a smooth homogeneous texture, glossy appearance and no sign of phase separation. Viscosity values of NEG 0.5 , NEG 1 and NEG 1.5 suggested increase in viscosity with increase in the concentration of the gelling agent (Table VI) (26) . The values of spreadability indicated that the nanoemulgel was easily spreadable by an application of a small amount of shear. On increasing the concentration of gelling agent, decrease in spreadability was observed (14, 53) . The more the gel is extruded, the better was the extrudability; hence, less amount of force was required to extrude the gel easily. The higher the value of firmness, the thicker is the consistency of a sample. Adhesiveness of nanoemulgel was found to be increased on increasing the concentration of Carbopol® Ultrez 21 (54, 55) . On the basis of the above evaluation parameters, NEG 1 was optimized and selected for further studies.
Cumulative drug released from NE3 was higher as compared to drug suspension in 24 h due to its nanometric droplet size, which provides high-specific surface area for solubilization, consequently enhancing the dissolution rate and solubility (29, 30) . The three-dimensional rigid structure of NEG 1 showed sustained release of drug as compared to NE3, which released almost all drug within the prescribed period. It was found that the NEG 1 followed the Higuchi model with an R 2 value of 0.936. Cumulative drug permeated from NEG 1 through goat hoof was more than NE3 and drug suspension due to the presence of permeation enhancer thioglycolic acid in the final formulation (nanoemulgel), which cleaves the disulphide bonds between the keratin molecules and increases the partitioning of the drug molecule (16) . As the drug was poorly aqueous and soluble, we choose DMSO as the solvent for dissolving the drug for determining the antifungal activity in vitro. DMSO itself possesses antifungal activity. So, to determine the actual antifungal activity of the drug, we have carried out the antifungal activity of DMSO alone, by taking the same equivalent vehicle (DMSO) as taken for drug solution, as described in the 'Antifungal Activity' section. Actual in vitro antifungal activity (after subtracting the antifungal activity value of DMSO) revealed that during 48 h of incubation period, nanoemulgel of KCZ showed a significant (p < 0.05) area of zone of inhibition as compared to KCZ solution in DMSO against T. rubrum and C. albicans due to the small droplet size and sustained diffusion into the medium.
Skin irritation study conducted on rats showed that during the 24-h observation period, no evidence of irritation (erythema and edema) was observed on visual inspection after the application of nanoemulgel on rat skin. Nanoemulgel (NEG 1 ) showed a skin irritation score (erythema and edema) of <2, which is considered to be non-irritant (no skin irritation) according to Draize et al. (56) . Thus, the developed formulation was non-sensitizing and safe for topical use. In the histopathological analysis of rat skin, the microstructure of (Fig. 7a) showed a tight and intact multilayer structure, whereas the morphology of NEG 1 -treated skin (Fig. 7b) showed some disruptions of the stratum corneum layer with increased intercellular gap. As stratum corneum plays a major role in preventing the permeation of drugs, its disruption may enhance the permeation of applied formulation through the skin, suitable for its topical delivery (41) .
CONCLUSION
In the present research work, KCZ-loaded nanoemulsion was developed by employing Labrafac™ Lipophile WL 1349 as the oil phase and Tween 80 and PEG 400 as the surfactant and co-surfactant, respectively. Optimized nanoemulsion (NE3) was formulated into nanoemulgel (NEG 1 ) with desirable viscosity, spreadability, extrudability, texture and bio-adhesion, as compared to drug suspension for topical application. In vitro release and ex vivo permeation study of the optimized nanoemulgel (NEG 1 ) showed better efficacies, as compared to drug suspension. The optimized nanoemulgel (NEG 1 ) showed enhanced in vitro antifungal activity on T. rubrum and C. albicans as compared to drug solution in DMSO and thus could be a promising formulation to reduce the symptoms of and cure onychomycosis faster than the conventional therapies. Further, skin irritation study showed the safe use of nanoemulgel for topical applications. Thus, nanoemulgel is a safe, effective and promising formulation for the topical treatment of onychomycosis.
